INTRODUCTION
The transition from laminar to turbulent flow in microfluidics is an important topic, as microchannels are being used increasingly in areas such as fuel cell research, on chip cooling, flow mixing, ect. Much research has been done to determine the effects of frictional losses in both mini and microchannels. A quick review of some important research has been identified and is given as follows: Peiyi and Little (1983) looked at microminiature refrigerators with test sections made using lithographic processes on glass and silicon substrates. Channels ranged in hydraulic diameter from 45.46 to 83.08 µm with roughness values ranging from 28 to 65 µm. When gasses were passed through the channel, they noticed flow transition at low Reynolds numbers (400-900). The high relative roughness was determined to be the cause as it was shown that many factors may affect the friction factor in micro channels.
Later, Wu and Little (1984) used parallel microchannels made using the same lithographic process by Peiyi and Little (1983) .
Using channels with hydraulic diameters of approximately 150 µm, they found the friction factors were quite large, which may have caused the difference in transition from laminar to turbulent flow, Re c = 400-900. Pfahler (1991) used a wide variety of test fluids which included alcohol, silicone oil, isopropanol, nitrogen, and helium. Test channels were fabricated in silicon wafers using planar photolithographic micromachining techniques. Test results showed that for larger channel dimensions, the pressure drop agreed with Navier-Stokes flow theory. However, as the channel dimensions shrank, it was apparent that the friction factor was higher than theoretically predicted. Mala (1998) found similar results when he passed deionized water through channels with a circular cross section 880 mm long with diameters ranging from 50-254µm. The three regions of flow; laminar, transition, and turbulent were identified as Re < 650, 650 < Re < 1500, and Re > 1500 respectively. Pressure drop was reported as being higher than theory predicts at higher Reynolds numbers. Thus the friction factor was higher than predicted using Navier-Stokes theory. Kandlikar et al. (2001) investigated the fluid flow characteristics of water in two circular tubes measuring 0.62mm and 1.067mm in diameter. Their findings showed that flow transitioned at approximately Re = 2300 for the 1.067mm tube with relative roughness ranging from 0.00178 to 0.00281. A surface roughness dependence was shown to occur on the pressure drop, and flow transition in the smaller 0.62mm tube. Higher roughness values increased pressure drop while lower roughness values had less of an effect on the pressure drop.
Recently, Kandlikar et al. (2005) used a repeating roughness structure t o establish a diameter correction that should be applied in the channels root diameter. The corrected diameter is called the constricted diameter, D cf , and is obtained by subtracting twice the surface roughness height, ε from the root diameter, D. A modified Moody diagram was presented using this corrected diameter and is shown in Figure 1 . Also, it was shown that the laminar to turbulent transition is unaffected as the hydraulic diameter is decreased in smooth channels. However, as the roughness increases, the transition Reynolds number was found to decrease.
From the research presented, it can be seen that there is a definite trend which shows a departure from macro scale flow theory of flow transition at Re = 2300 as a result of the increased roughness effects. Mini and microscale channels with roughness elements have produced flow transition with a Reynolds number between 400 and 1500, which is far earlier than the classical value as reported by Moody (1944) . 
NOMENCLATURE

OBJECTIVES OF THE PRESENT WORK
The objectives of the present work are to determine the validity of roughness parameters on pressure drop in minichannel flow, quantify the effect of different roughness orientations on pressure drop in minichannel flow, and to determine a value for the critical Reynolds number for flow transition in minichannel flow.
EXPERIMENTAL SETUP
Both air and water have been used as test fluids in the present work. The following section details the different test setups involved along with the test section and pressure manifold.
Ultra zero grade compressed air containing: hydrocarbons<0.1ppm, CO 2 <1ppm, CO<1ppm, moisture<5ppm is used in the experimental air test setup. A two stage regulator delivers air at a pressure suitable for testing (<200psi). The air passes through a 5µm Gelman Acro 50A filter before passing through a bank of Omega FL-5500-NV rotameter flow meters. Since the accuracy of the flowmeter is based on a percentage of the flowmeter's full scale range, three flowmeters have been used to limit experimental error. K type thermocouples are used to measure the fluid temperature before and after the test section. A series of 100µm diameter holes drilled into the cover plate serve as static pressure taps along the test section. The pressure tap holes were center located in 1/8 in. pilot holes drilled from the back side of the plate. The pressure tap holes were drilled using a 0.040 in. drill bit in a high speed drill. A pressure manifold allows for a single pressure tap to be isolated, and its pressure measured using a diaphragm pressure transducer. To ensure accuracy over the entire range of pressure, the following pressure transducers were used: Omega PX170 0-7in H 2 0 gage transducer, Omega PX26 ±1psi, ±5psi, ±15psi, and ±30psi differential pressure transducer. The air is vented to atmosphere once it has exited the test section.
Figure 1 Schematic of Experimental Test Setup, Air
The test setup using deionized, degassed water is shown in Fig. 2 . Deionized, degassed water is used as a second test fluid. The water is degassed using the procedure described in Kandlikar et al. (2002) . The deionized, degassed water is drained into a Fisher Scientific Isotemp 3013 water bath. A positive displacement 1/4 HP bronze gear pump capable of pumping up to 0.9 GPM feeds the test section. A by-pass loop is used to control the gear pumps output flow rate. The water is then filtered using a Shelco FOS housing with a 1µm wound fiber filter. Three Omega FL-5500-NV rotameter flow meters control the flow rate to the test section. A pressure manifold controls the static pressure being measured by an Omega PX26 ±1psi, ±5psi, ±15psi, or ±30psi differential pressure transducer.
K type thermocouples measure the water temperature before and after the test section. Once the fluid passes through the test section, it is recirculated into the constant temperature water bath.
Figure 2 Schematic of Test Setup, Degassed DI Water
EXPERIMENTAL PROCEDURE
First, the high pressure air tank is opened to allow air to pass through the tank's two stage regulator. An output pressure is then set, and an outlet valve is opened. A valve on the two stage flow controller is then set to the desired value. The volumetric flow rate is noted using the rotameter. Once the flow rate is set, LabVIEW was run as the primary data acquisition system. The local static pressures were measured by closing all of the valves to the pressure manifold, except for the pressure being measured. Measurements were taken starting from the outlet to inlet until each pressure was taken. Once the data reached a steady pressure, a minimum of 30 data points for each pressure tap were averaged and recorded as the local pressure. After each pressure was recorded, the flow was adjusted using the flow controller and the process was repeated.
SURFACE ROUGHNESS DESCRIPTORS
Characterization of surface roughness is important when calculating pressure drop, especially when dealing with random roughness. Four parameters have been used to characterize the surface roughness which have been defined by ANSI. They are as follows:
Average Roughness [Ra]: the arithmetic average of the absolute values of the profile deviations measured from the mean line.
For ANSI, Ra is defined over the entire evaluation length.
Root Mean Square Roughness (Rq): the root mean square of the profile height deviations measured from the mean line. The rms roughness value is used rather than the average roughness (Ra), since average roughness tends to cancel equal and opposite values of roughness, whereas rms roughness accounts for both positive and negative roughness values.
Skewness (Rsk): represents the degree of bias, or asymmetry of the profile about the mean line. A positive skew represents peaks, whereas a negative skew indicates valleys. Table 1 .
SURFACE ROUGHNESS
Three surfaces are tested in the current study: (i) smooth, (ii) aligned sawtooth roughness, and (iii) offset sawtooth roughness. The smooth channel is shown in Fig. 4 .
Figure 4 Smooth Channel
The channel is relatively smooth with a maximum average roughness height, Rz of 1.22µm. The sidewalls of the channel are of the same surface roughness. The smooth minichannel is used to validate the test section since a smooth channel will not deviate from the conventional flow transition of Re=2300.
The aligned sawtooth roughness is shown in Fig. 5 .
Figure 5 Aligned Sawtooth Roughness
The aligned roughness is a rectangular minichannel consisting of parallel surfaces with machined ribs running perpendicular to the flow direction. The surface roughness peaks on one side of the channel are lined up to match the surface roughness peaks on the opposite side of the channel. The roughness is said to be aligned.
The offset sawtooth roughness consists of parallel surfaces with machined ribs perpendicular to the flow field. The surface roughness peaks are lined up such that the point of one surface roughness peak on one side lies between the two surface roughness peaks directly across from it. This is shown in Fig. 6 . The surface roughness of the sidewalls in both the aligned and offset sawtooth roughnesses are that of the smooth walls.
Figure 6 Offset Sawtooth Roughness
ERROR ANALYSIS
To ensure meaningful results, an error analysis was performed. The experimental uncertainty is given as: Precision error is error induced by a number of measurements. Precision is calculated as:
where t is determined from standard T-tables, σ s is the sample standard deviation, and n is the number of samples. Temperature readings are accurate to ±0.1°C, air and water flow rates are accurate to ±3% full scale, minichannel dimensions are accurate to ±5 µm, pressure readings are accurate to ±0.25% full scale, pressure tap distances are accurate to ±5 µm, and pressure tap locations are accurate to ± 5 µm. The friction factor uncertainty was calculated to be 8.81%.
RESULTS
The results have been divided up into two sections, one for air and one for water. Tests were conducted for both air and water in minichannels with hydraulic diameters ranging from 325µm to 1819µm over a range of Reynolds numbers ranging from 200 to 7200 for air and 200 to 5700 for water. Static pressure was measured along the length of the minichannel in 13 different locations given in Table 2 . The pressure taps are located at the peak of the sawtooth roughness. The results for the different test fluids are discussed in the following sections.
Results for Air
The data was first analyzed by plotting the local static pressure against the non dimensional inlet distance (x/D h ) and comparing the data with the theoretical pressure drop calculated using the friction factor for a rectangular flow passage for each Reynolds number experimentally tested. The pressure drop is given as: From Fig. 7 , the inlet and exit effects can be seen as deviations in the experimental data from the theoretical data before the 4 th data point and after the 10 th data point respectively. Experimental data that falls between these points agrees with the theoretical data and lies in the fully developed flow region. Friction factors were calculated using the measurements from the taps located between the 4 th and 10 th pressure tap locations to negate the effects of entrance and exit effects. The theoretical laminar Fanning friction factor is calculated using the relationship: (12) as given by Kakac, et al. (1987) . Next, the fully developed experimental Fanning friction factor is calculated by Eq. 9 and is plotted against Reynolds number.
The turbulent Darcy friction factor given by Miller (1996) is divided by four to convert to the Fanning friction factor and is given as: The experimental friction factor for the smooth pipe is plotted versus Reynolds number along with the theoretical friction factor given by Eq.14. smooth channels were tested with hydraulic diameters ranging from 325µm to 1818µm. As shown in Fig. 8 , the experimental friction factor agrees with the laminar theoretical friction factor for Re<2000. At approximately Re=2000, the experimental friction factor increases, which shows the transition from laminar to turbulent flow. This agreement with classical theory of flow transition at Re=2300 validates conventional laminar and turbulent friction factor equations for minichannels in the range of 325µm<D h <1818µm.
Once these equations are validated using smooth minichannels, the aligned and offset sawtooth surface roughness profile orientations are tested with hydraulic diameters of 769µm, 953µm, 1203µm, 1378µm, 1525µm, and 1819µm.
The same procedure used to validate the conventional friction factor equations for the smooth minichannel is used to test the surface roughness profile orientations of the aligned and offset sawtooth roughness profile conditions. Figure 9 is a representative plot of the experimental friction factor over the range of Reynolds numbers. The experimental friction factor in Fig. 9 has large errors when compared to the theoretical laminar and turbulent friction factors calculated using Eqns. 12 and 14 respectively. A critical Reynolds number is observed between 440<Re<630. A diameter correction must be made to compensate for the decrease in diameter caused by the repeating surface profile. The dotted lines in Figs. 10 and 11 represent the flow boundary which develops over repeated roughness elements which causes a decrease in the free flow area. The decreased channel height shown in Figs. 10 and 11 will be known as the constricted height, b cf . The constricted height is given as:
A new constricted hydraulic diameter, D h,cf can be calculated using the constricted height given in Eq. 12. The constricted hydraulic diameter is given as:
The experimental friction factor data presented in Fig. 9 is recalculated using the constricted hydraulic diameter (D h,cf ) to account for the reduction in free flow area. Figure 12 shows the effect of the reduction in the free flow area. The experimental friction factor in Fig. 12 follows the theoretical laminar friction factor until a critical Reynolds number is reached. For Re>Re c , the experimental friction factor increases until the flow becomes fully turbulent. Once the flow is fully turbulent, the experimental friction factor is between 3.5-4.5 greater than the theoretical turbulent friction factor predicts using Eq. 11.
In Fig. 9 and Fig. 12 , the average surface roughness height, Rz is effectively used as ε to calculate ε/d. The constricted hydraulic diameter (D h,cf ) must be used to calculate experimental friction factors for the aligned and offset surface roughness minichannels. Also, it is shown that as ε/d decreases, the critical Reynolds number (Re c ) increases. These observations are in accordance with the findings in Kandlikar, et al. (2005) To neglect the effects of compressibility, the velocity of the air must be less than Mach 0.3, Fox and McDonald (1998) , where the Mach number is calculated as the ratio of the local velocity, v, to the local speed of sound, s.
Using the ideal gas law, the maximum velocity before the fluid is considered to be compressible can be calculated by
Under the conditions tested, v ≤ 104.16m/s, for incompressible flow. Since a maximum velocity of 98m/s is seen in the test section, the air is considered to be incompressible.
Results for Water
Deionized, degassed water has been passed through minichannels with hydraulic diameters ranging from 325µm to 1819µm. Smooth, aligned, and offset minichannels have been tested between Reynolds numbers ranging from 200 to 5700. The results are discussed in detail in the following section. Figure 13 shows static pressure plotted against the non dimensional distance from inlet (x/D h ) and compared to the theoretical pressure drop calculated using Eq. 9. The entrance and exit effects can be seen in Fig. 13 as deviations from the predicted pressure drop. The fully developed flow free of entrance and exit effects is calculated between the 4 th and 10 th data points to eliminate entrance and exit effects.
The fully developed experimental friction factor is calculated by Eq. 14 and plotted against Reynolds number in The experimental friction factor agrees with the laminar theoretical friction factor calculated using Eq. 8 for Re<2000. For Re>2000, the experimental friction factor begins to deviate from the theoretical laminar values, which illustrates the transition to turbulent flow. The agreement with NavierStokes theory in Figs. 22-24 validates the friction factor equations for laminar and turbulent flow in smooth passages with ε/d<0.000375 for hydraulic diameters of 325µm <D h <1818µm.
The aligned and offset sawtooth surface roughness profile orientations were tested with water for hydraulic diameters of 769µm, 953µm, 1203µm, 1378µm, 1525µm, and 1819µm. Experimental friction factors are plotted versus Reynolds number for the aligned and sawtooth roughness profile configurations. The experimental data is compared to the theoretical laminar and turbulent friction factors calculated using Eqns. 11 and 14 respectively. A representative plot with a hydraulic diameter of 1203µm is shown in Fig. 15 . Figure 15 shows the experimental friction factors for the aligned and offset roughness orientations for D h =1203µm plotted against the theoretical laminar and turbulent friction factor. As with the data for air, the experimental data for water is in large error with the theoretical laminar and turbulent values. A critical Reynolds number is reached at 600<Re c <830. The experimental friction factors plotted in Fig. 15 shows large discrepancie with the theoretical laminar and turbulent friction factors. A diameter correction must be made to account for the reduction in free flow area caused by the surface roughness microstructures and the flow boundary that develops across these structures. The friction factor data in Fig. 15 has been recalculated using the constricted hydraulic diameter given in Eq. 13. The recalculated friction factor data, which has been corrected to include the constricted flow area, is plotted in Fig. 16 . Figures 16 shows the recalculated friction factor data using the constricted hydraulic diameter, D h,cf . In the laminar region, the experimental friction factor values agree with the values predicted by the classical laminar flow theory. The corrected experimental friction factor data shown in Fig. 16 is laminar until it reaches a critical Reynolds number, Re c . Once a critical Reynolds number is reached, the roughness structures trigger an early transition to turbulent flow. Once the flow transitions, the departure from the laminar theory increases dramatically. Thus, the theory correctly predicts friction factors in the laminar flow regime, but under predicts these values in the turbulent regime. Experimental friction factors are between 3.5 and 4 times greater than predicted using conventional turbulent friction factor theory. As with the data for air, these observations are in agreement with those in Kandlikar, et al. (2005) .
Effect of Roughness on Critical Reynolds Number
As the hydraulic diameter decreases, the effect of roughness becomes more prevalent. The decreased hydraulic diameter provides a smaller free flow area, thus the surface roughness can interact more freely with the free flowing fluid. This increased interaction allows the surface roughness to act as a turbulator and trip the laminar flow, causing early transition to turbulence. The critical Reynolds numbers have been plotted against the constricted relative roughness in Figure 17 . 
CONCLUSIONS
Once the conventional friction factor equations have been validated with air and water in the smooth channel configuration, air and water are tested in the aligned and offset roughness configuration in minichannels with hydraulic diameters ranging from 769µm to 1.82mm. The following conclusions are drawn from the present work: .
